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ABSTRACT: While acknowledged as key components in the formation of new particles in the atmosphere, the accurate
characterization of gaseous (highly) oxygenated organic compounds remains challenging, and requires analytical developments.
Earlier studies have successfully used the nitrate ion (NO3-) based chemical ionization (CI) coupled to atmospheric pressure interface
time-of-flight mass spectrometry (CI-APi-TOF) for monitoring these compounds. Despite many breakthroughs in recent years, the
CI-APi-TOF has many limitations, preventing for instance the unambiguous ion identification of overlapping peaks. To tackle this
analytical challenge, we developed a CI interface coupled to an ultrahigh-resolution Orbitrap mass spectrometer (CI-Orbitrap). We
show that the CI-Orbitrap has similar sensitivity and selectivity as the CI-APi-TOF, but with over an order of magnitude higher mass
resolving power (up to 140 000). Equally importantly, the CI-Orbitrap allows tandem mass spectrometry, providing the first
possibility for structural elucidation of the highly oxygenated molecules (HOM). As a proof of concept, we characterized HOM
formed during the ozonolysis of two biogenic compounds (α-pinene and limonene), under different environmental conditions in a
flow reactor. The CI-Orbitrap exhibited high sensitivity to both HOM and radical species, while easily separating ions of different
elemental composition in cases where the more common TOF applications would not have been able to distinguish all ions. Our
tandem mass spectrometry analyses revealed distinct fingerprint spectra for all the studied HOM. Overall, the CI-Orbitrap is an
extremely promising instrument, and it provides a much-needed extension to on-going research on HOM, with potential to impact
also many other fields within atmospheric chemistry.
Atmospheric aerosols, a mixture of solid and liquid particles
of organic and inorganic substances suspended in the air, make
up less than a millionth of a percent of the atmosphere, yet they
still produce a significant cooling effect on our planet. They do
this in two ways: by directly reflecting solar radiation back into
space, and by acting as nuclei for cloud droplet formation,
whereby they regulate cloud reflectivity and lifetimes.1,2
Typically, only particles larger than 100 nm in diameter result
in cloud condensation nuclei, and therefore the chemical
components and the processes contributing to the growth of
such particles are extremely important. Atmospheric aerosols
are also recognized to adversely impact air quality and human
health, representing nowadays the fifth-ranking human health
risk factor, globally.3
Depending on the geographic region, organic aerosol on
average contributes 20-90% to the submicron aerosol mass,4
with secondary organic aerosol (SOA) as the largest source of
atmospheric organic aerosol.4,5 The organic vapors able to grow
aerosols by gas-to-particle conversion, thus forming SOA, are
primarily formed through the oxidation of volatile organic
compounds (VOC), yielding a wide variety of oxygenated VOC
(OVOC).5 Characterization of all these OVOC represents a
unique analytical challenge.6,7 Over the last five years, major
breakthroughs have been achieved within the field of
atmospheric oxidation processes and aerosol particle
formation.8–11 A pivotal starting point was the identification of
highly oxygenated organic molecules (HOM),8 formed through
a process called autoxidation12. In this process, peroxy radicals
formed from the oxidation of a VOC undergo intramolecular
hydrogen abstraction, followed by the addition of molecular
oxygen. This results in the formation of a new peroxy radical,
with an additional hydroperoxyl group. This chain reaction can
be repeated and lead to a wide variety of products depending on
the termination mechanisms.11 HOM have been shown to
contribute to the nucleation and growth of new particles both in
atmospheric simulation chambers and in the atmosphere.11,13
However, a complete understanding of how VOC oxidation
processes contribute to new particle and SOA formation is still
lacking, and the quantitative evaluation of the impact of aerosol
on air quality and climate remains poorly understood.6
Over the last ten years, mass spectrometric techniques have
made dramatic improvements in detecting and characterizing
gas-phase oxygenated species, including radicals, of varying
volatilities.14,15 In particular, chemical ionization mass
spectrometry (CIMS) has emerged as a powerful tool to
characterize a wide range of different gaseous compounds.11,16–
18 CI is a soft ionization technique where the analyte is ionized
through clustering process with the reagent ions and undergoes
only minimal fragmentation.17,19,20 While CIMS provides very
good sensitivities (detection limit as low as 104 molecules cm-
3),19 they are commonly coupled to TOF mass analyzers having
limited mass resolving power. This typically ranges from 4000
for a medium-resolution (e.g., the Tofwerk AG HTOF) to 14
000 for a high-performance TOF (e.g., Tofwerk AG LTOF).16
These resolving powers make identification and quantification
of individual organic molecules extremely challenging in cases
with multiple overlapping ions, yielding significant
uncertainties.16,21,22 Indeed, “atmospheric” mass spectra
acquired using the CIMS technique typically contain a large
amount of information, and therefore remain complex in nature,
representing a significant challenge for data analysis.
Computational approaches, including ion deconvolution
procedures, are required to solve this limitation in order to
extract the maximum possible information content.21,23 In
addition, as the primary method to detect HOM has hitherto
been based on the chemical ionization atmospheric pressure
interface time-of-flight mass spectrometry (CI-APi-TOF),19
there is no more information to be obtained beside the elemental
composition. Therefore, very little is known about their
structures and/or their physicochemical properties (e.g.,
volatility).
In this work, we successfully coupled a high-resolution mass
spectrometer (Orbitrap) with a CI source to overcome many
current instrumental limitations. The CI-Orbitrap combines the
benefits of soft atmospheric pressure ionization, high mass
resolving power (R = 140 000 at m/z 200) and high time
resolution (~10 seconds). As a proof of concept, we analyzed
gas-phase OVOC formed during the oxidation of two
monoterpenes using nitrate-ion-based (NO3-) CI. We used this
chemistry as it has been shown to be highly selective towards
atmospheric reactive species, including HOM.11,16 We
characterized the time evolution of the HOM under varying
VOC precursor, O3 and NOx concentrations. Finally, tandem
mass spectral (MS2) analyses were performed to evaluate the
possibility of obtaining chemical structure information of the
compounds of interest.
EXPERIMENTAL SECTION
Materials. Limonene (Sigma-Aldrich, 97% purity) and α-
pinene (Sigma-Aldrich, 98% purity) were used as the VOC
precursors. Nitric acid (Sigma-Aldrich, 65% purity) was the
reagent for ionization. All chemicals were used as received.
Analytical methods. The ozonolysis experiments were
conducted at room temperature and atmospheric pressure in a
flow tube reactor and in the absence of an OH scavenger. The
reactor was a ~18-litres Pyrex glass tube (12 cm i.d. × 158 cm
length), which has been described in more detail previously.24
The total flow rate of synthetic air (N2/O2 80:20) was set at 15
liter per minute (L/min) giving an average residence time of 72
seconds. Ozone, generated by an ozone generator (Fisher
Scientific, SOG-1) was continuously injected into the flow tube.
For the experiments performed in the presence of nitrogen
oxides (NOx), nitric oxide (NO) was added into the flow tube
reactor. The concentrations of ozone (initial concentration 40
ppb) and NO (ranging from 0 to 1.8 ppb) were measured using
a Thermo 49C and a Ecophysics CLD 88p equipped with a
photolytic converter PLC 860, respectively. Concentrations of
limonene varied from 0.4 to 2 ppm and α-pinene from 1 to 4
ppm, both measured using a proton transfer reaction time-of-
flight mass spectrometer (PTR-TOF 8000, Ionicon Analytik
Gmbh).
For this study, a chemical ionization interface was
specifically designed in order to be coupled with the Orbitrap
(Figure S1). While the design of the CI inlet is based on that of
Eisele and Tanner,25 we constructed a special connector flange
as well as optimized the dimensions of the CI inlet for coupling
to the Orbitrap. The Eisele-type inlet minimizes the wall losses
through the use of coaxial sample and sheath flows (10 L/min
and 30 L/min, respectively, used in this work), facilitating the
characterization of (extremely) low-volatile and radical species.
NO3- ions were generated by passing clean air (10 mL/min)
containing nitric acid through a soft X-ray photoionizer
(Hamamatsu, L9491) and guided into the sample flow by an
electric field. The sample molecules were charged by binding
to the nitrate ion clusters (HNO3)x(NO3-), x = 0-2. The
interaction time between NO3- ions and the sample was
approximately 200 ms.
The chemical composition of the gaseous species was
retrieved in real time by a Q Exactive Orbitrap mass
spectrometer (Thermo Scientific, US) which has been described
elsewhere26 and recently used for online measurements of
atmospheric gases and particles.27,28 The Q Exactive has a high
mass resolving power of 140 000 (at m/z 200), allowing an
accurate identification of a wide variety of species at a time
resolution of 10 s. The instrument was operated in negative
mode, scanning from m/z 50 to 750 with a scan rate of 0.2
scans/s. External mass calibration of the Q Exactive mass
spectrometer was performed using the traditional electrospray
ionization source by using a 2 mM sodium acetate solution. This
approach provided a suite of negative adduct ions in the desired
mass range. The high-resolution data were analyzed by
XCalibur 2.2 (Thermo Scientific) software package to
determine accurate formula and the abundance of the
compounds of interest. The MS2 conditions were optimized to
obtain the softer fragmentation and with a higher quadrupole
isolation. MS2 analyses were performed at a normalized
collision energy (NCE) of 10 and with a quadrupole isolation of
+/- 0.15 m/z. To ensure an optimal detection of the fragment
ion, mass spectra were averaged for ~ 20 minutes to increase
the signal/noise ratio. The use of NCE automatically
compensates for the mass dependency in the fragmentation
processes occurring within the HCD (higher-energy collision
dissociation cell). Without this automatic adjustment, too much
energy would be applied to molecules having low m/z (i.e., m/z
200). As a result, the instrument automatically adjusted the
collision energy. The actual collision energy for a Q-Exactive
Orbitrap can be calculated as follow CE = (m/z / 500) x NCE x
f (charge of the ion).
RESULTS AND DISCUSSION
Characterization of OVOC by CI-Orbitrap. To highlight the
features of this CI-Orbitrap, we focused our attention on the
analysis of products from the ozonolysis of α-pinene and
limonene, as they constitute a major fraction of the global
monoterpene emissions.29 In addition, both systems have been
previously studied,8,30 which is a pivotal point to evaluate the
performance of the CI-Orbitrap and validate our results. Using
the CI-Orbitrap, we characterized the formation of HOM
spanning from m/z 250 to 650. HOM were detected as clusters
with the nitrate (NO3-) ion. Figure 1 presents typical mass
spectra obtained from the gas phase oxidation of both VOC with
and without NO. As previously reported, NO3--based chemistry
is highly sensitive and selective towards HOM, including
monomers (C8-10H14–18O6–11), organonitrates (C8-10H11–17NO6–11)
and dimers (C18–20H26–34O9–18), formed from the ozonolysis of
monoterpenes.
Analytical standards of gas-phase HOM remain lacking.
Therefore, to estimate the sensitivity of the CI-Orbitrap, a
calibration was inferred based on the expected molar yields of
HOM, as determined in earlier studies (citations). Ions from m/z
300 to 650 were integrated, summed and normalized by the
signal of the reagent ions (i.e., NO3-, HNO3NO3-, (HNO3)2NO3-
). By using the molar yields reported in the literature (5% for α-
pinene and 10% for limonene)8,11,30 and the amount of reacted
VOC inferred by the variation in the ozone concentration we
determined a theoretical concentration of the HOMs. We
considered only the ozonolysis of the VOC, as OH-initiated
oxidation of limonene and α-pinene produce much less HOM.9
Finally, to account for wall and particle losses we used a simple
model to estimate a correction factor, which was evaluated at
50%. Hence, we estimated calibration coefficients of 1.7 × 1010
molecules cm-3 ncps-1 and 2.0 × 1010 molecules cm-3 ncps-1, for
α-pinene and limonene ozonolysis, respectively. Considering
the large uncertainties (i.e.,  -50 - +100%),16,31 generated from
scaling the sensitivity based on expected HOM yields, the
sensitivity of the CI-Orbitrap (i.e., 1-3 ×1010 molecules cm-3
ncps-1) seems to be similar to values reported for the CI-
APiTOF.8,19
Figure 1. Mass spectra of HOM formed from limonene and α-
pinene ozonolysis without (upper) and with (lower) NO
addition. HOM are detected as clusters with the nitrate (NO3-)
ion and measured by the CI-Orbitrap. Concentration is reported
in parts per trillion (i.e., 2.46 x 107 molecule cm-3).
One main benefit of the CI-Orbitrap is the high mass
resolving power, allowing unambiguous identification of the
diverse products formed from a given reaction. As shown in
Figure S2, we are now able to accurately distinguish
organonitrates and peroxy radicals (e.g., C9H13O8N / C10H15O8
at m/z 325.05344 / 325.06499 and C9H13O10N / C10H15O10 at m/z
357.04118 / 357.05382, respectively), which has often been
impossible with typical CI-APi-TOF instruments with HTOF
mass analyzers, and challenging even with LTOF mass
analyzers. To compare the performance of the CI-Orbitrap to
the CI-APi-TOF, we simulated the spectra of the latter at four
ions, representing monomers (m/z 342), organonitrate/peroxy
radicals (m/z 325 and 357) and dimers (m/z 484). The CI-
Orbitrap data for these ions are presented in Figures 2 and S3,
while the corresponding TOF data were generated using a mass
resolving power of 5000 (Figure S3) and 10 000 (Figure 2). It
is evident that in most of these examples, the TOF instruments
would struggle, while the CI-Orbitrap easily separated the ions
of different elemental composition. Further, a larger mass
resolving power (i.e., narrower peak) helps to decrease the
detection limit. In other words, less signal is required to reach
above the background noise level of the instrument, providing
additional confidence in the quantification of the products
observed in very low abundance.
Using in-source collision-induced dissociation (CID), which
corresponds to an increase in the DC offset voltages in the ion
optics of the flatapole,32 we probed the clustering strength of the
HOM*NO3- adducts. Similar approaches have been performed
using iodide CIMS and provided crucial information on the
ionization efficiency of the instrument.31,33 As reported in
Figure S4, the in-source CID experiments revealed that the least
oxidized C10-monomers exhibited the weakest binding energies,
which is consistent with the low detection efficiency of such
species.16 Interestingly, the dimers showed very strong binding
energies, suggesting that such products are  unlikely to undergo
declustering in most mass spectrometers.
Figure 2. Mass spectra (red) of different HOM, at m/z 325, 342,
357 and 484, measured by a nitrate CI-Orbitrap during
limonene ozonolysis. Peak assignments are shown in Figure S2.
The orange trace represents the spectrum that would be
observed using an instrument with mass resolving power of 10
000. Dashed lines stand for the fits of individual ions. The TOF-
MS signals represent synthetic data using arbitrary units and do
not aim at matching the surface area measured using the CI-
Orbitrap.
As the exact structures of the HOM have never been
determined, this brings large uncertainties in the formation
pathways of HOM (e.g., dimer formation), as well as in their
physicochemical properties (i.e., nature of the functional
groups).15 For the first time, we performed MS2 analysis on
HOM to identify structural features from molecular
fragmentation. While we were able to perform MS2 analysis for
all the compounds of interests, including radicals and
organonitrates, we focus here on two C10-monomers. Prior to
entering the HCD cell, ions were selected via the quadrupole
mass filter using a m/z range of +/- 0.15 m/z. MS2 spectra
obtained at an NCE of 10 (i.e., the lowest collision energy) of
C10H14O7 and  C10H16O9, generated from the ozonolysis of
limonene and α-pinene are presented Figure 3.. As anticipated,
the main fragment observed during MS2 analyses corresponds
to  a  loss  of  NO3-. However, we were able to observe other
fragment ions and obtained two distinct finger print mass
spectra for ions with identical elemental formulas, produced
from the oxidation of two VOC. This means that with a MS2
mass spectral library, one could identify the precursors of
measured HOM from e.g., atmospheric samples with several
VOC. In addition, information related to the structure of the
studied HOM can also be extracted. For instance, the loss of
HNO3 yielding fragment ion C10H15O9 might indicate the
presence of an acid functional group for C10H16O9 formed from
α-pinene ozonolysis, but not from limonene. Formation of
deprotonated ions using NO3-ion based chemistry has already
been observed for organic molecules with functionalized acid
group.34 This suggests that C10H16O9 generated from the
oxidation of limonene and α-pinene, might be significantly
different.35 Further studies are needed for a more in depth
interpretation of the different fragment ions.
Figure 3. MS2 spectra of selected monomers (C10H14O7 and
C10H16O9) formed from the ozonolysis of limonene (left
column) and α-pinene (right column) in the absence of NO. MS2
spectra were obtained at an NCE of 10.
CONCLUSION
In this work we demonstrated, for the first time, the
possibility of interfacing a CI to an ultrahigh-resolution mass
spectrometer. We showed its ability in unambiguously
resolving all ions measured by nitrate ion CIMS from the
complex gas phase mixture generated from the oxidation of
monoterpenes. Although this study focused on NO3--based
chemistry, other reagent ions including acetate, amine or
bromine can be utilized in order to detect a wider range of
OVOC and radical species in future studies. By using the MS2
feature of this new CI-Orbitrap, novel structural information of
HOM can be acquired. This will greatly increase the obtainable
molecular information compared to traditional TOF-based
methods, and will help us to characterize the chemistry and, to
a certain extent, the physicochemical properties (e.g., volatility)
of the HOM. In summary, the development of this new
analytical instrument can be a pivotal step forward for an
accurate understanding of the formation and fate of atmospheric
reactive organic species.
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